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Abstract
Exchange-spring driven spin-ﬂop transition is observed in hysteresis loops of an
antiferromagnetic [DyFe2 40A˚/YFe2 160A˚] × 20 superlattice at temperatures
higher than 100 K, with ﬁeld along the in-plane easy axis [1¯10]. OOMMF micro-
magnetic simulation reveals that this transition is derived from the magneto-
elastic interaction in DyFe2. Conventional exchange spring behavior is also
observable at smaller ﬁelds. Simulation shows that it is caused by the simul-
taneous rotation of the magnetization vectors of both the hard and soft layers
towards [010]. Experiment and simulation agree qualitatively with each other.
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1. Introduction
Exchange spring systems [1] recently have attracted a great deal of inter-
est, as they oﬀer promising solutions to maximizing the energy product [2],
(BH)max, of a permanent magnet and overcoming the superparamagnetic limit
for a small magnetic particle used as an information element [3]. The current
research on exchange spring magnets can be divided into two categories: fer-
romagnetic (FM) and antiferromagnetic (AFM). For the FM coupled exchange
systems, the main objective is to increase the energy product. A SmCo/Fe
system is a good example of this and many excellent results have been ob-
tained [4]. On the AFM side, single crystal DyFe2/YFe2 superlattices are stud-
ied extensively [5] as a model system to investigate the miscellaneous facets of
exchange-spring related phenomena. Recent advances [6] on this system lend
more insight into the exchange-spring driven magnetization reversal processes
in AFM coupled superlattices.
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X-ray magnetic circular dichroism (XMCD) study of a soft-dominant (110)
[DyFe2 (50 A˚)/YFe2 (200 A˚)] × 13 superlattice sample demonstrated that there
was a transition of switching mode when the temperature was increased [7]. At
low temperature, the Dy hysteresis was square, resembling the easy-axis re-
sponse of a hard magnet with uniaxial anisotropy, while the Y edge signal gave
an almost square hysteresis loop with a reduced coercivity. However, the high
temperature element speciﬁc XMCD signals were very complicated, especially
for the Dy edge signal [7]. This switching mode transition was later explained
by an energy argument in a micromagnetic simulation [8]. The experiment
and simulation agreed qualitatively with each other. However, the important
magneto-elastic contribution to the anisotropy of DyFe2 was not fully taken
into account in the micromagnetic simulation study. Adding to the complexity,
in order to model the neutron scattering data obtained from a (110) [DyFe2
(30 A˚)/YFe2 (120 A˚)] × 22 superlattice sample at 250 K, the interface ex-
change coupling constant had to be reduced in magnitude by one or two orders
from those of the constituent layers [10]. In this article, we ﬁnd that a fully
taken into account magneto-elastic contribution can lead to a spin-ﬂop transi-
tion [9] of the DyFe2 moments, still in agreement with the XMCD and neutron
scattering experiments, while the dramatic reduction in interface exchange is
not necessary. This ﬁnding highlights the importance of knowing the detailed
magnetic interactions in the interpretation of magnetometry data. In passing,
we would like to note that a similar spin-ﬂop transition has been observed in
antiferromagnetically-coupled ErFe2/YFe2 superlattices by traditional magne-
tometry [11] and XMCD measurements [12].
2. Experimental and theoretical details
The sample used is a (110) [DyFe2 40 A˚/YFe2 160 A˚] × 20 superlattice. It
is grown by molecular beam epitaxy (MBE), with atomically sharp interfaces
[13]. The superlattice is characterized by strong FM exchange coupling between
Fe-Fe (∼ 600 K). The exchange between Dy-Fe is AFM, of the order ∼ 100 K.
The FM exchange between Dy-Dy is well below 100 K. So the eﬀective exchange
coupling between DyFe2 and YFe2 is AFM. The hysteresis loops were measured
using an Oxford Instruments Aerosonic 3001 vibrating sample magnetometer
(VSM), with a maximal ﬁeld of 12 T.
Both the crystal ﬁeld and magneto-elastic interactions in the soft YFe2 are
negligible. The cubic magneto-crystalline anisotropy of the hard DyFe2 is mainly
derived from the crystal ﬁeld at Dy sites [14]. In its bulk form, the strain and
hence the magneto-elastic energy in DyFe2 are negligible, and the easy axes
are determined by the magneto-crystalline anisotropy solely, being along with
<001> directions, irrespective of the temperature. However, due to the elevated
temperature needed for the deposition of the superlattice [13], this is not the
case anymore for DyFe2 in the form of an epitaxial ﬁlm. Due to the diﬀerent
thermal contraction experienced by the superlattice and the substrate during
the process of cooling down to room temperature, a shear strain of the order
of xy ∼ − 0.55% (z axis is along [110], the growth direction of the ﬁlm) will
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develop in the superlattice [16]. The other components of the strain are small
and make negligible contribution to the magneto-elastic energy. At low temper-
ature, the corresponding magneto-elastic energy is small, as compared to the
large magneto-crystalline anisotropy. So the easy axes are still determined by
the magneto-crystalline anisotropy. But, due to the rapid temperature variation
of the magneto-crystalline anisotropy, at room temperature the magneto-elastic
energy becomes the dominant contribution, which results in the observed tran-
sition of the in-plane easy axis from [001¯] to [1¯10] [17]. Theoretical calculations
[15] based on the single-ion model conﬁrmed this change in relative impor-
tance for the determination of easy axes. To make a better agreement with
experiment, especially the ∼ 14◦ out-of-plane angle for DyFe2 at room temper-
ature [18, 19], a factor of 2.5 [20] has to be multiplied to the magneto-elastic
anisotropy obtained from the single-ion model. In contrast, the previous mi-
cromagnetic study [8] of the same system used the as-derived magneto-elastic
anisotropy. The diﬀerent treatment of the magneto-elastic anisotropy leads to
the diﬀerent switching modes observed.
OOMMF micromagnetic simulation [21] had been used to understand the
complicated switching modes in exchange spring systems [8]. Signiﬁcant insight
into the exchange spring formation process can be gained by combining both
experiment and simulation. In the current simulation, the whole superlattice is
discretized into one dimensional (1D) exchange coupled spins. The discretiza-
tion length is 1 nm, in consideration of the 3.4 nm exchange length [8]. Due
to the 1D character of the simulation, demagnetization eﬀect is not included.
The values As = Ah = −Ai = 1.46 × 10−11 J/m are used in the simulation,
where As, Ah and Ai are the exchange coupling constants in the soft layers, in
the hard layers and at the hard/soft interfaces, respectively. Other temperature
dependent parameters, such as magnetization and the anisotropy constants, are
given in Ref. [15]. Simulation details are given in Ref. [8].
3. Results
A typical hysteresis loop, measured at 250 K with the applied ﬁeld along
[1¯10], can be seen in Fig. 1. The small ﬁeld (−0.35 T < Bapp < 0.35 T) feature
is reminiscent of the exchange spring winding in the soft phase, and the abrupt
switching at approximately −0.3 T resembles the simultaneous 180◦ rotation of
both the hard and the soft phases, as observed in a similar superlattice at room
temperature using magneto optic Kerr eﬀect [22]. The whole demagnetization
process can be obtained from OOMMF simulation. As noted before [8], in order
to accommodate ﬁnite temperature eﬀects, a higher temperature value has to
be used. Here a temperature of 380 K is adopted. The simulated hysteresis
loop, together with the element speciﬁc loops for DyFe2 and YFe2, can be
seen in Fig. 2. The qualitative agreement to the experimental curve is obvious.
Quantitatively, due to the Brown’s paradox [23], the simulated zero-temperature
characteristic ﬁelds are signiﬁcantly larger than the experimental ones.
The demagnetization process as obtained from the OOMMF simulation is
as follows: At 20 T, the system is in a perpendicular state, with the soft mag-
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Figure 1: VSM hysteresis loop for the superlattice [DyFe2 40 A˚/YFe2 160 A˚] × 20 with field
along [1¯10] at 250 K. According to micromagnetic simulation as shown in Fig. 2, the large field
feature is similar to a spin-flop transition for the hard layers, while the small field behaviour
involves coherent rotation and switching, characteristic of an exchange-spring magnet.
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Figure 2: OOMMF simulated hysteresis loop for the superlattice [DyFe2 40A˚/YFe2 160 A˚]
× 20 with field along [1¯10] at 380 K. The element specific demagnetization curves for DyFe2
and YFe2 are also shown. The circled numbers, showing the possible equilibrium positions
for DyFe2, correspond to those shown in Fig. 4.
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Figure 3: A schematic representation of the spin configuration for the demagnetization process
of [DyFe2 40A˚/YFe2 160 A˚] × 20 at 380 K with field along the [1¯10] (y) direction. Thick
and thin arrows denote the magnetic moments of DyFe2 and YFe2,respectively. The applied
magnetic field decreases from 20 T to −20 T from right to left. Only the projection of the
magnetic moments onto the film plane is shown.
netization parallel to [1¯10], while that of the hard phase parallel to [001] (the
ﬁrst schematic illustration from right in Fig. 3, position circled 1 in Fig. 4) in
the ﬁlm plane. As a result, tight domain walls form at the interfaces. Upon
decreasing the ﬁeld to 10.3 T where the ﬁrst switching happens, the soft phase
remains unchanged, but the hard phase rotates further away from the applied
ﬁeld direction, forming an obtuse angle with respect to the soft magnetization.
At 10.3 T, the hard phase switches to [11¯0] ( the second illustration from right
in Fig. 3, position circled 2 in Fig. 4). At the same time, the tightly wound
domain walls are relaxed. So after the switching, the soft phase is mainly par-
allel to the ﬁeld, with only small deviation at the interfaces, whereas the hard
phase is antiparallel to the ﬁeld, with a small component out of the ﬁlm plane,
towards [01¯0]. The transition at 10.3 T can be viewed as a spin-ﬂop [9] switch-
ing mediated by exchange springs. This picture of the high ﬁeld transition at
10.3 T, i.e. the presence of 90◦ domain walls, is consistent qualitatively with
the neutron scattering analysis of the same system [10]. The moments at the
interfaces are perfectly antiparallel to each other.
In the conventional sense, a spin-ﬂop transition [9] refers to the transition
from AFM arrangement of moments to noncollinear arrangement with a ﬁnite
angle. The spin-ﬂop transition discussed here is diﬀerent. Although the angle
between the central DyFe2 moment and the in-plane easy direction is ﬁnite, the
DyFe2 and YFe2 moments at the interfaces are still AFM and along the in-plane
easy direction. Only when the two coupled layers are viewed as two macro-spins,
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and the details of the arrangement of moments at the interfaces are ignored,
can this transition be classiﬁed strictly as a spin-ﬂop transition. For a reduced
interface exchange, as considered in Ref. [10], the nomenclature of spin-ﬂop will
be more appropriate, too. If we focus our attention on the hard DyFe2 phase,
our situation is similar to the approach to saturation of a misaligned magnetic
grain [24]. In the Stoner-wohlfarth model, when the applied magnetic ﬁeld is
misaligned with the uniaxial easy axis of a magnetic particle, the hysteresis
loop is canted. Above the anisotropy ﬁeld, the magnetization vector approaches
to the direction of the applied positive ﬁeld. On decreasing the applied ﬁeld,
the magnetization vector rotates to the easy direction, and ﬁnally switches to
the almost antiparallel conﬁguration when the applied ﬁeld further decreases
below the coercivity ﬁeld. An analogy between the situation considered here
and a misaligned particle can be drawn, if the DyFe2 layers are to be viewed
as a whole. The pinning provided by the soft phase can be taken as a negative
exchange bias [25, 26], due to the AFM coupling at the interfaces. The applied
positive ﬁeld is thus modiﬁed by this exchange bias. For large positive ﬁeld, the
sum of the applied ﬁeld and the exchange bias ﬁeld is positive, and the hard
layers rotate to the direction of the applied ﬁeld, similar to the approach to
saturation for a misaligned particle discussed above. When the ﬁeld is reduced
below a critical value, the exchange bias ﬁeld dominates over the applied ﬁeld,
therefore the eﬀective ﬁeld felt by the hard layers will be negative enough and
the magnetization will relax to one of the in-plane easy directions, antiparallel
to the applied magnetic ﬁeld. The resultant high-ﬁeld minor hysteresis loop
resembles that of a misaligned particle, as can be seen from Fig. 1.
A complete antiparallel conﬁguration is achieved when the ﬁeld is decreased
to 9.8 T. This conﬁguration is stable until the ﬁeld is decreased to 0 T. Applying
a negative ﬁeld will move the moments out of plane, with the soft magnetization
tilting towards [010] direction. The abrupt switching at −0.7 T corresponds to
the simultaneous 180◦ rotation of the two phases so that after that switching,
the conﬁguration is completely antiparallel. The only change is that now it
is the soft phase that is parallel with the applied negative ﬁeld, along [11¯0].
The hard DyFe2 is parallel to [1¯10] (the third illustration from right in Fig. 3,
position circled 3 in Fig. 4). A larger negative ﬁeld will pull the magnetization
of the hard layer out of the ﬁlm plane, towards [010] direction. If the out of
plane angle is too large, further decreasing the applied (negative) ﬁeld induces
the switching observed at −15 T, after which the perpendicular conﬁguration
is restored, with the soft magnetization in plane and the hard magnetization
parallel to [001] (the fourth illustration from right in Fig. 3, position circled 1
in Fig. 4) again. A schematic illustration of the whole demagnetization process
is summarized in Fig. 3.
Clearly, as can be seen from the OOMMF simulation, the ﬁrst (high ﬁeld)
transition corresponds to the spin-ﬂop switching of DyFe2, and the second (low
ﬁeld) corresponds to the simultaneous rotating of both DyFe2 and YFe2. This
particular switching sequence can be explained by the energy surface of DyFe2
at 380 K, as shown in Fig. 4. At such a high temperature, the eﬀect of the
magneto-elastic interaction is pronounced. Hence the easy axis has switched
7
Figure 4: Energy surface for DyFe2 at 380 K. The circled numbers signify the possible equi-
librium directions for the magnetic moments to align with. The dark blue plane corresponds
to the growth plane of the superlattice, i.e. the (110) plane. Positive applied field is along the
[1¯10] direction, which is parallel to the green arrow next to the circled number 3.
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from the low temperature [001] to the high temperature one, 14◦ out of plane
along [1¯10] [18]. For ﬁeld applied along [1¯10] at 20 T, the soft phase is pulled al-
most parallel to the external ﬁeld. Obviously, if a parallel conﬁguration is to be
achieved by rotating DyFe2 to the direction of the external ﬁeld, the exchange
energy cost is too high, even for a ﬁeld of 20 T. Due to the competition between
the exchange, anisotropy and Zeeman energies, the observed perpendicular con-
ﬁguration results, in which the DyFe2 moments are localized close to [001], a
local anisotropy energy minimum as shown in Fig. 4.
4. Summary
In summary, exchange-spring driven spin-ﬂop transition is observed in an
YFe2 dominant, antiferromagnetic DyFe2/YFe2 superlattice at high tempera-
tures, for ﬁeld along the [1¯10] crystal direction. OOMMF simulation shows that
the origin of the perpendicular conﬁguration at high ﬁelds can be traced back to
the strong magneto-elastic interaction, which is eﬀective at high temperatures.
The observed spin-ﬂop transition is mediated by relaxation of exchange springs
at the hard/soft interfaces. Standard exchange spring behavior is also observed
for smaller ﬁelds. This gradual change in magnetization is given by the simul-
taneous rotation of both hard and soft moments towards the out-of-plane easy
axis [010] for the crystalline anisotropy.
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